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Abstract 
Steel companies generate large amounts of wastes, which usually are deposited within them, reducing the available place. 
Because of this, there have been numerous studies to reduce the generation of residues and reuse them transforming into 
byproducts from other industries. In this paper the influence of using different feedstock steel discards added to clays to obtain 
construction ceramics was investigated. The studied wastes are: steel slag, white powders, blast furnace sludge and post-mortem 
aluminosilicate refractories. For the analysis of discards and clay various characterization techniques were used, such as optical 
microscopy and scanning electron microscopy, energy dispersive analysis of X-ray, X-ray diffraction analysis, particle size 
distribution. Mixtures with additions up to 50% residue and the clay commonly used in forming ceramic tiles were analyzed by 
the method of Casagrande apparatus (ASTM D4318) to obtain the fluid and plastic limits, and the plasticity index of each. 
According to the analysis, it can be established that the plasticity of the mixtures is greatly influenced by the wastes addition, 
being the steel slag and post-mortem aluminosilicate refractories, those which most lowered the index, affecting negatively the 
extrusion forming of the products.      
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1. Introduction 
Steel is a widely used product in society. However, the iron and steel production also leads to a considerable 
amount of secondary material, such as slags, dusts, sludge, and refractories. 
The steel industry generates from 2 to 4 tons of scrap per ton of steel produced [Das et al. (2007)] and it is the 
biggest consumer of refractories and can be calculated that absorbs 70% of the total production of such materials. 
The solid wastes emerging from steel plants can be classified into slags, powders and sludges whose 
compositions vary widely depending on the source of generation. Much effort has been invested in finding ways to 
reuse these materials, either as a replacement for original raw materials or mixtures of clay aggregates for the 
production of new ceramic materials, which in turn, may be useful in other processes, specifically in the construction 
industry. 
For some of these materials, such as dust and sludge, recycling is limited due to the relatively low intrinsic 
economic value, as well as the complex chemical and physical composition that present. Significant amounts of 
them are disposed in landfills or stored long-term [Lundkvist et al. (2013)]. This results in higher environmental and 
disposal costs, therefore, it is necessary to find solutions for the reuse of these products.  
In the case of refractory discards, recovery and recycling is more important than ever due to their high cost in the 
steel industry. These residues can be used in a large number of applications, including new refractories, as cement 
components, as aggregate in concrete, as additive in glass materials and new ceramics [Valoref (1998), Nakamura et 
al. (1999), Viklund-White (2001)]. 
For the production of bricks, it is necessary to perform the characterization of the raw materials involved, as well 
as analyze the behaviour of plasticity in the processing of these products. 
Measuring the plasticity of clay mixtures is crucial in order to obtain defect-free products, with changes in shape, 
without cracking when this type of material is subjected to an external force [Andrade et al. (2010)]. The main 
factors that affect the plasticity are related to the physical characteristics of the solid, particularly the particle size 
distribution and mineralogical composition [Beltran et al. (1997), Handle (2007)]. Atterberg limits (plastic limit and 
liquid limit) and the plasticity index define the moisture content above which the material acts as a fluid, and below 
which acts as a plastic substance [Yootaek et al. (2010)]. 
The aim of this work is the evaluation of different steel discards: converter steel slag, white powders, blast 
furnace sludge and post mortem aluminosilicate refractories, as feedstock aggregate to clay, through 
physicochemical characterization techniques and microstructural analysis, and to determine the influence of the 
plasticity index of each of the mixtures in the bricks shaped by extrusion.     
 
Nomenclature 
CS Converter Steel Slag  
WP  White Powder 
FS Blast Furnace Sludge 
RM Post-mortem Refractory Mix 
2. Experimental Procedure 
In order to perform characterization tests and study future incorporation in blends for clay bricks, the wastes were 
sieved and separated by particle size using fractions below 2mm. In the case of refractory materials, these were 
ground to achieve the particle size less than 2mm, giving a resulting mixture consisting of samples of five post-
mortem aluminosilicates refractories from different sources previously characterized [Quaranta et al. (2013)]. 
Microstructural and morphological characterization developed in this research includes analysis of discards 
studied by microscopic techniques (optical and scanning electron microscopy). Analysis by optical microscopy 
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(OM) was performed using a Zeiss-Axiotech equipment with a Donpisha 3CCD camera and image scanner. 
Scanning electron microscopy (SEM) analyses were carried out through Philips 515 equipment. 
The chemical analysis was performed by semi-quantitative energy analysis X-ray (EDS) with EDAX-Phonix 
detector. XRD patterns of the residues were obtained for 2T values between 5° and 60°, with a speed of 1°/minute 
with Philips PW 1714 CuKDradiation (D=1.5417Å) and Ni filter. The operating conditions were 40kV, 20 mA. The 
diffractograms obtained were analyzed using the ASTM (pcpdfwin files). 
Plastic behaviour for each residue was determined by evaluation of five mixtures with clay, whose percentage of 
added waste varied between 10 and 50% respectively. 
Liquid and plastic limits were determined by the Casagrande apparatus method (ASTM D4318). The 
measurements were applied to estimate the amount of moisture lower and upper that can be added to the mixture to 
promote adequate workability. 
3. Results and Discussion  
3.1. Physicochemical characterization of discards 
The chemical characterization of the studied wastes and clay is shown in Table 1. Values are expressed as weight 
percent of the present oxides, regardless of the carbon content, which was determined as an element. In the FS 
sample this value is 50% and could be part of organic or inorganic material in the form of carbonates. 
  Table 1. Chemical composition of the wastes and clay 
Materials Al2O3 SiO2 FeO CaO MgO MnO Na2O SO2 K2O TiO2 
CS 7.0 11.9 19.9 50.2 7.5 3.4 -- -- -- -- 
WP 3.1 5.0 5.4 60.6 24.2 -- -- 1.6 -- -- 
FS 10.5 18.0 61.3 1.4 4.7 1.0 1.8 0.7 0.7 -- 
RM 50.4 45.3 1.4 -- -- -- -- -- 0.7 2.1 
Clay 17.6 62.4 10.3 1.2 2.2 -- -- -- 5.1 1.2 
 
It can be seen that all materials have Al2O3 and SiO2 in their chemical composition, being the post-mortem 
refractories mix which has the highest percentage. In this waste the presence of FeO, K2O and TiO2 in small 
percentages was also detected. Minority content of these oxides in the RM sample is consistent with those used in 
the production of these compounds [Shaw (1972), Andrews et al. (2013)] 
CS and WP discards have high CaO contents and FS contains the highest percentage of FeO. This oxide is the 
main dye in clay materials, therefore the brick with this residue is expected to have a strong reddish colour after 
burning [Abajo (2000)]. In the case of steel slag and white powders, the (CaO/SiO2) relationship observed is greater 
than three, indicating high basicity values for this type of waste and according to the standard values reported in the 
literature [Das et al. (2007)]. 
Table 2 shows the granulometric analysis performed for each discard and clay, indicating the percentage retained 
by each sieve. The results obtained on the particle size distributions show suitable characteristics of these waste 
materials for future incorporation in the manufacture of ceramic masonry. 
Among all the waste materials analyzed, FS has the highest content of fine fraction (62%) and CS has the highest 
coarse fraction (65%). 
The microscopic appearance of the waste powders is shown in figures 1 to 4. In correspondence with the 
granulometric analysis performed it can be identified by SEM the morphology and the relative size of the particles. 
It can be seen that they are fine grained materials, which is important in case of reuse them and its future use in new 
ceramics.  
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Table 2. Granulometric analysis of the residues 
Materials CS WP FS RM Clay 
Mesh Size [Pm] Retained Material [%]  
1000 64.8 35.4 26.5 17.3 15.7 
500 8.2 13.8 6.5 22.2 7.6 
250 6.7 15.4 4.9 19.1 9.7 
125 6.9 16.5 10.1 16.6 19.7 
88 3.2 6.8 9.7 6.9 10.6 
77 2.1 4.8 11.7 7.5 15.2 
44 3.1 3.6 16.0 7.9 11.8 
<44 4.9 3.6 14.6 2.4 9.7 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. WP residue (a) OM Image; (b) SEM Image. 
 
 
 
 
 
 
 
Fig. 2. CS residue (a) OM Image; (b) SEM Image. 
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Fig. 3. FS residue (a) OM Image; (b) SEM 
 
 
 
 
 
 
 
 
 
 
Fig. 4. RM residue (a) OM Image; (b) SEM Image. 
The X-ray diffraction patterns for the samples investigated reflect the mineralogical composition of the wastes 
and the clay and are shown in figures 5, 6 and 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. XRD of wastes (a) Blast Furnace Sludge; (b) White Powders. 
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Fig. 6. XRD of wastes (a) Converter Steel Slag; (b) Post-Mortem Refractories Mix. 
For the case of white powders, the predominant crystalline phases are calcite, dolomite and calcium hydroxide; 
graphite has been identified as a minor component. Blast furnace sludge presents hematite and quartz as major 
phases, as well as magnetite, wustite and iron in minor amounts.  
Figure 6 shows the diffractograms of the RM and CS samples. In RM there are characteristic peaks for this type 
of waste with predominant phases of mullite and aluminum oxide as well as cristobalite, quartz and titanium oxide 
as less intense signals. Converter steel slag diffractogram shows the presence of quartz, calcite, calcium hydroxide, 
periclase, wustite and calcium silicate.  
The XRD pattern of clay is shown in figure 7 and exhibits the presence of quartz and hematite as predominant 
phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. XRD of clay 
3.2. Plasticity analysis of the waste and clay mixtures 
The plasticity characteristics of the analyzed discards and clay mixtures are shown in tables 3 and 4, where LL is 
liquid limit, PL is plastic limit and PI is plasticity index. 
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    Table 3. Atterberg limits in CS and FS mixtures 
 % in weight of CS in the mixture % in weight of FS in the mixture 
10 20 30 40 50 10 20 30 40 50 
LL[%] 32.63 30.40 29.00 27.41 26.72 33.55 34.11 33.50 33.38 33.58 
PL[%] 25.45 24.72 24.48 23.85 23.44 23.02 26.04 26.46 28.00 28.84 
PI[%] 7.18 5.68 4.52 3.56 3.28 10.53 8.07 7.04 5.38 4.74 
 
    Table 4. Atterberg limits in WP and RM mixtures 
 % in weight of WP in the mixture % in weight of RM in the mixture 
10 20 30 40 50 10 20 30 40 50 
LL[%] 27.35 27.78 27.29 27.15 27.59 27.06 25.19 23.24 21.21 20.86 
PL[%] 20.13 20.62 21.65 21.72 23.26 19.33 17.63 16.95 17.28 17.24 
PI[%] 7.22 7.16 5.64 5.43 4.33 7.73 7.56 6.29 3.93 3.62 
 
Table 5 shows the results of plasticity for the studied clay.  
     Table 5. Atterberg limits in clay 
 LL[%] PL[%] PI[%] 
Clay 27.49 19.66 7.83 
 
For all the analyzed cases, by increasing the waste composition in the mixture, the plasticity index decreases. The 
range of PI values obtained varies between 10.53 and 3.28 for all the compositions studied in each mixture. The 
plasticity for the conformation of aggregates and its use in forming extruded bricks is considered suitable when the 
plasticity index of the mixture is greater than 10 [Abajo (2000)]. The mixture with 10% of FS would be found 
within this case. The analysis of table 2 shows that this waste has the highest degree of fineness (68%) among all the 
discards, which could explain the higher plasticity. 
It is noteworthy that when the pure discards were analyzed, it was impossible to measure their plasticity, since 
the values were very low or close to zero, so the PI obtained represent the influence of the waste powders on the 
characteristics of the clay used. These values may be increased significantly using more plastic clays and this could 
increase the possibility of using higher contents of wastes in shaping extrusion bricks. In these cases it would not be 
desirable to reduce the degree of fineness of the used materials, considering that this property also has great 
influence on increasing the extent of plasticity, since the obtained particle size values are consistent with the needs 
expressed in the mix design for the future incorporation of discards to form ceramic bricks. 
Figure 8 shows, through the Wrinkler diagram, a projection of the values of liquid limit and plastic index of the 
obtained mixes using 10% of each waste. For the rest of the compositions the PI decreases and in all the cases it is 
out of the optimal and acceptable areas for the production of ceramic tiles by extrusion. The plasticity index of the 
composition corresponding to FS residue is in the acceptable extrusion area, the remaining mixtures are not suitable 
for this type of process, presenting risk of cracking in the green bodies as well as dimensional problems in 
manufacturing. 
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Fig. 8. Classification of molding behaviour using Plastic Limit and Plasticity index 
4. Conclusions 
Physicochemical characterization of four steelmaking discards was performed and the influence of plasticity in 
ceramic shaping by extrusion was studied to be used in the construction industry. 
All the studied discards show SiO2 and Al2O3 in their compositions, but the highest amount is present in the post-
mortem refractory mixture. The particle size distribution shows that the residue with finer fraction is the blast 
furnace sludge as well as converter steel slag has the highest content of coarse fraction. In RM XRD analysis, the 
greatest presence of mullite and aluminum oxide is observed. For the converter steel slag, white powders and blast 
furnace sludge the strongest peaks are given by the presence of calcite, dolomite, quartz, iron and its oxides among 
others. 
The Atterberg limits and plasticity indexes for residue and clay mixtures were determined, varying the content of 
discard incorporated between 10 and 50%. The results showed that by increasing the percentage of each waste in the 
mixture, the plasticity index decreases. The higher plasticity index is recorded for the composition of 10% FS and 
the lower plasticity index corresponds to the composition with 50% CS. 
The plastic behaviour of the studied materials is not suitable for processing ceramic bodies by extrusion, except 
the composition with 10% of FS which is in the acceptable area into the Wrinkler diagram. Due to the low plasticity 
of the tested mixtures it can be inferred that this residues are not appropriate to use in forming extruded bricks. 
However, the results of this research in relation to the characteristics and compositions of the waste materials, 
lead to think that most of the analyzed discards have potential to be recycled. It will be tested as raw material 
incorporated in clay mixtures for the production of new materials with applications in the civil construction industry, 
using uniaxial pressure to the forming process.          
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